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Tunable Crystallinity and Electron Conduction in Wavy 2D
Conjugated Metal–Organic Frameworks via Halogen
Substitution
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Currently, most reported 2D conjugated metal–organic frameworks (2D
c-MOFs) are based on planar polycyclic aromatic hydrocarbons (PAHs) with
symmetrical functional groups, limiting the possibility of introducing
additional substituents to fine-tune the crystallinity and electrical properties.
Herein, a novel class of wavy 2D c-MOFs with highly substituted, core-twisted
hexahydroxy-hexa-cata-benzocoronenes (HH-cHBCs) as ligands is reported.
By tailoring the substitution of the c-HBC ligands with electron-withdrawing
groups (EWGs), such as fluorine, chlorine, and bromine, it is demonstrated
that the crystallinity and electrical conductivity at the molecular level can be
tuned. The theoretical calculations demonstrate that F-substitution leads to a
more reversible coordination bonding between HH-cHBCs and copper metal
center, due to smaller atomic size and stronger electron-withdrawing effect.
As a result, the achieved F-substituted 2D c-MOF exhibits superior
crystallinity, comprising ribbon-like single crystals up to tens of micrometers
in length. Moreover, the F-substituted 2D c-MOF displays higher electrical
conductivity (two orders of magnitude) and higher charge carrier mobility
(almost three times) than the Cl-substituted one. This work provides a new
molecular design strategy for the development of wavy 2D c-MOFs and opens
a new route for tailoring the coordination reversibility by ligand substitution
toward increased crystallinity and superior electric conductivity.

K. Jastrzembski, Y. Zhang, Y. Lu, L. Sporrer, A. L. Waentig, S. Fu,
M. Polozij, J. Zhang, M. Wang, A. Morag, M. Yu, T. Heine, R. Dong,
X. Feng
Center for Advancing Electronics Dresden (CFAED) & Faculty of
Chemistry and Food Chemistry
Technische Universität Dresden
Mommsenstrasse 4, 01062 Dresden, Germany
E-mail: renhaodong@sdu.edu.cn; xinliang.feng@tu-dresden.de

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smll.202306732

© 2023 The Authors. Small published by Wiley-VCH GmbH. This is an
open access article under the terms of the Creative Commons
Attribution-NonCommercial License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.

DOI: 10.1002/smll.202306732

1. Introduction

2D conjugated metal–organic frame-
works (2D c-MOFs) have attracted great
attention,[1] due to the combination of the
inherited advantages of traditional MOFs,
such as intrinsic porosity, crystallinity,
and abundant active sites, with electrical
conductivity and tailorable bandgaps.[2–6]

These properties make them excellent
candidates for a variety of applications,
such as optoelectronics, chemiresistive
sensors,[7] batteries, supercapacitors,[7–10]

and electrocatalysts.[11]

2D c-MOFs feature layer-stacked crys-
talline structures with strong in-plane con-
jugation and weak out-of-plane van der
Waals interactions. A typical 2D c-MOF
is usually constructed using benzene[12–16]

as an organic building block or planar
polycyclic aromatic hydrocarbons (PAHs),
such as triphenylene,[17,18] coronene,[19]

and phthalocyanine[20] which are substi-
tuted with symmetrical functional groups,
such as ─OH, ─NH2, ─SH and ─SeH.
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However, these commonly used PAH ligands do not provide
readily accessible sites for introducing functional substituents
during their synthesis to fine-tune the resulting properties.
Therefore, the introduction of functional substituents, espe-
cially electron-withdrawing groups (EWG), into the molecular
backbone of the organic building block and their resulting
impact on the corresponding MOF properties have so far
not been investigated mainly due to the inherent limit on
accessible sites. In this context, recent work showed that in-
troducing electron-withdrawing hetero atoms (N) into the
molecular backbone of the organic building block, triphenylene,
to enhance the resulting crystallinity and electronic conduc-
tivity can be a viable strategy.[21] Moreover, the commonly
used PAH ligands are all based on planar structures, and
hence the impact of non-planar organic building blocks on
the crystallinity and the charge transport properties is less
unexplored.[22,23] In particular, the impact of wavy topological
networks on the properties of the resulting 2D c-MOFs remains
elusive.

In this work, we report the construction of wavy 2D c-
MOFs via solution synthesis based on newly developed curved
ligands, i.e., core-twisted 2,3,10,11,18,19-hexahydroxy-hexa-
cata-benzocoronenes (HH-cHBCs) substituted by halogen
groups, including 6,7,14,15,22,23-hexafluoro-2,3,10,11,18,19-
hexahydroxy-cHBCs (HF-HH-cHBCs), 6,7,14,15,22,23-
hexachloro-2,3,10,11,18,19-hexahydroxy-cHBCs (HCl-HH-
cHBCs), and 6,7,14,15,22,23-hexabromo-2,3,10,11,18,19-
hexahydroxy-cHBCs (HBr-HH-cHBCs). The uniqueness of
these HX-HH-cHBCs (X = F, Cl, and Br) ligands can be at-
tributed to their twisted and conformationally locked structure
due to steric congestion between the hydrogens of the neigh-
boring benzene rings, which prohibits molecular dynamics
resulting in a structural rigid organic building block.[22,23] This
molecular feature leads to a concave–convex self-complementary
arrangement, resulting in the formation of 2D c-MOFs with
wavy networks after coordination polymerization between HX-
HH-cHBCs and metal centers (such as Cu). Although one might
expect that the waviness might disturb the 𝜋–𝜋-stacking arrange-
ment and the overall crystallinity, our work demonstrates that
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the resultant Cu3(HF-HH-cHBC)2 2D c-MOF powder exhibits
high crystallinity comprising large ribbon-like crystals up to tens
of micrometers in length, which can mainly be attributed to the
smaller atomic size and strong electron-withdrawing effect of
fluorine. In comparison, the chlorine- and bromine-substituents
feature larger atomic sizes and weaker electron withdrawing
effects rendering the resulting 2D-c-MOFs reduced crystallinity
and electronic conductivity. Consequently, the Cu3(HF-HH-
cHBC)2 2D c-MOF exhibits a higher room-temperature electrical
conductivity of 1.82 × 10−2 S cm−1 (two orders of magnitude)
and higher charge mobility of 9.3 ± 1.1 cm2/(Vs) (almost three
times) than the chlorinated 2D-c-MOF Cu3(HCl-HH-cHBC)2.
Our work develops a new family of wavy 2D c-MOFs and demon-
strates an efficient strategy to tune the coordination bonding
via the substitution of electron-withdrawing groups toward high
crystallinity and superior electrical conduction.

2. Results and Discussion

2.1. Synthesis of Ligands and 2D c-MOFs

The c-HBC-ligands were synthesized through a three-step syn-
thesis (Figure 1) according to a modified reported procedure[24]

and numbered according to their differing substituents. In the
first step, 1,3,5-tris(bromomethyl)benzene was reacted with 3,4-
dimethoxyphenylboronic acid in a three-folded Suzuki coupling
to afford 1,3,5-tris(3,4-dimethoxybenzyl)benzene (Tris-OMe-Mes
(1)) with a yield of 52%. Next, the latter compound was
transformed into the 6,7,14,15,22,23-hexafluoro-2,3,10,11,18,19-
hexamethoxy-cHBC (HF-HM-cHBC) precursor through a cou-
pling with 3,4-difluorobenzaldehyde in an aldol condensation
reaction, followed by a Scholl reaction using the reagent FeCl3
with a yield of 56%. The subsequent demethylation reaction us-
ing BBr3 yielded the target compound HF-HH-cHBC with 85%
yield. The synthesis of HCl-HH-cHBC and HBr-HH-cHBC fol-
lowed the reaction procedure (synthetic details shown in Figures
S1–S12, Supporting Information).

Next, we synthesized three 2D c-MOFs by coordination reac-
tion between HX-HH-cHBCs (X = F, Cl, and Br and Cu(OAc)2.
Taking the synthesis of Cu3(HF-HH-cHBC)2 as an example,
the HF-HH-cHBC ligand was dispersed in acetone and care-
fully injected on the top of an aqueous solution of Cu(OAc)2. A
metastable two-phase system was prepared and left for 48 h at
room temperature. During the reaction, the two phases of wa-
ter and acetone could be slowly merged into one phase, which
slowed down the coordination polymerization, finally leading to
the formation of the highly crystalline 2D c-MOF particles as
precipitates with a high yield of 89% (details shown in Support-
ing Information). The successful coordination polymerization
could be evidenced by Fourier-transform infrared spectroscopy
(FT-IR) measurements, revealing the disappearance of the OH-
stretching-frequencies at 3200, 3491, and 3235 cm−1 arising from
the ligands HF-, HCl-, HBr-HH-cHBC (Figures S13, S20, and
S27, Supporting Information).

However, in contrast to the HF-HH-cHBC, no MOF precipi-
tate could be observed when we followed the above-described re-
action procedures for HCl-HH-cHBC- and HBr-HH-cHBC- lig-
ands, demonstrating that the chlorinated and brominated ligands
were much less reactive than the fluorinated one for the coordina-
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Figure 1. Design and synthesis of wavy 2D c-MOFs. a) Electrostatic potential maps (EPM) of the HF-, HCl-, and HBr-HH-cHBC ligands (from top to
bottom), respectively, indicating that the electron core density is not significantly altered in comparison through the variation of the electron withdrawing
substituents F, Cl, and Br. Color codes: red: electron-rich, blue: electron poor. b) Schematic illustration of the synthesis of cHBC ligands and wavy 2D
c-MOFs.

tion reaction with Cu as the metal center. Therefore, a modified
synthesis procedure with the further addition of ethylenediamine
as a strong base, an extended reaction time of up to 4 days, and el-
evated temperatures (90 °C) was able to carry out the coordination
reaction to obtain Cu3(HCl-HH-cHBC)2 with a yield of 53%. Sim-
ilar reaction conditions to obtain the brominated MOF resulted
only in amorphous MOF powders (details shown in Supporting
Information).

2.2. Structural and Composition Characterization

The electron core density distributions were simulated with elec-
trostatic potential maps (ESP) (Figure 1), indicating that all hy-
drogen atoms of the OH functional groups show a reduced elec-
tron density which translates into a reduced electron density at
the metal binding site alike. A reduced electron density at the
metal-binding site would lead to an increase in the acidity of the
metal bond, making the in-plane bond formation more reversible
and thus leading to an enhanced in-plane crystallinity.[21] The
reduced electron density of the functional OH- group could ad-
ditionally be confirmed experimentally with the chemical shifts
of 1H- NMR spectroscopy, evidencing the decrease of the elec-

tron density of the OH- group according to the strength of
the EWG in the order of F (9.95 ppm), Cl (9.86 ppm) and Br
(9.81 ppm) (Figures S3, S7, and S11, Supporting Information),
respectively. However, this downward trend was not observed in
the electron density of the core of the c-HBC ligand, as indi-
cated by 1H- and 13C- NMR of the remaining protons and car-
bons (Figures S3, S4, S7, S8, and S11, Supporting Information).
According to our theoretical calculations of the highest occu-
pied molecular orbitals (HOMO) and lowest unoccupied molec-
ular orbitals (LUMO) (Figure S33, Supporting Information) of
these three ligands, no systematic trend could be observed, as the
EWGs were varied. Nevertheless, our characterizations demon-
strate that Cu3(HF-HH-cHBC)2 displays the highest crystallinity
(Figures 2a–c, and 3a) among the three obtained MOFs, which
cannot be explained simply by the lowest electron core density.
Rather, we suggest, that apart from the electron-withdrawing ef-
fect of fluorine, the more dominant factor for the comparably
superior crystallinity of Cu3(HF-HH-cHBC)2 can be assigned to
lesser steric hindrances originating from the actual atomic sizes
of the substituents F (covalent radius: 60 pm), Cl (covalent radius:
102 pm) and Br (covalent radius: 120 pm).[25]

These significant differences in atomic size of the substituents
affect the interlayer interaction and the subsequent layer stacking
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Figure 2. SEM, UV–vis, and BET measurements of the resultant wavy c-MOFs. ac) SEM images of Cu3(HF-HH-cHBC)2, Cu3(HCl-HH-cHBC)2, and
Cu3(HBr-HH-cHBC)2. d) UV/vis absorption measurements indicate two absorption maxima for each 2D c-MOF: 304 and 396 nm for Cu3(HF-HH-
cHBC)2, 313 and 407 nm for Cu3(HCl-HH-cHBC)2, 314 and 409 nm for Cu3(HBr-HH-cHBC)2. e) Optical bandgaps of Cu3(HF-HH-cHBC)2 (2.25 eV),
Cu3(HCl-HH-cHBC)2 (2.56 eV), and Cu3(HBr-HH-cHBC)2 (2.50 eV) determined by the Tauc plot. f) Nitrogen adsorption/desorption isotherms of
Cu3(HF-HH-cHBC)2 and Cu3(HCl-HH-cHBC) indicating surface areas of 541 and 186 m2 g−1, respectively.

along the c-axis leading to a stronger self-complementary preor-
ganization for the perfect AA stacking and ordered arrangement
along the out-of-plane direction for Cu3(HF-HH-cHBC)2 fol-
lowed by Cu3(HCl-HH-cHBC)2 and Cu3(HBr-HH-cHBC)2. Ac-
cordingly, the morphology of Cu3(HF-HH-cHBC)2 followed the
same trend (Figure 2a–c) evidenced by Scanning electron mi-
croscopy (SEM)- imaging. Cu3(HF-HH-cHBC)2 demonstrated
highly homogenous distributed rod-like crystals with sizes of sev-
eral micrometers (Figure 2a) and average widths of 200 nm re-
sulting in high aspect ratios of 100–200. Comparably, Cu3(HCl-
HH-cHBC)2 displayed a similar morphology but was less ho-
mogenously distributed and had smaller crystal lengths with an
average of 1.0 micrometers (Figure 2b). Cu3(HBr-HH-cHBC)2,
showed no distinct morphology and average crystal lengths of
200 nm (Figure 2c). These results demonstrate the significant im-
pact of the substituents F, Cl, and Br on the resulting crystallinity
(Figure 3a) and morphology of the corresponding 2D-c-MOFs.

The optical properties of all three MOFs were characterized
by UV/Vis-spectroscopy (Figure 2d,e). All of them displayed two
absorption maxima, the first one located in the UV range and
the second one in the visible spectrum. Assignment of the ab-
sorption maxima indicated a blue shift of Cu3(HF-HH-cHBC)2
(304 and 396 nm) compared to Cu3(HCl-HH-cHBC)2 (313 and
407 nm) and Cu3(HBr-HH-cHBC)2 (314 and 409 nm). Although
the blue shift of Cu3(HF-HH-cHBC)2 is quantitively small, it
is to be expected due to the strong electron-withdrawing effect
of the F-substituent. Analysis of the absorption spectra, using
the Tauc-plot, resulted in direct optical bandgaps for Cu3(HF-
HH-cHBC)2, Cu3(HCl-HH-cHBC)2 and Cu3(HBr-HH-cHBC)2 of

2.25, 2.56, and 2.45 eV, respectively. Remarkably, a comparison
of the absorption maxima of the MOFs with their correspond-
ing monomers showed very similar optical absorption patterns
(Figures S13b, S20b, and S27b, Supporting Information).

The porous structures of all three 2D-c-MOFs were in-
vestigated through nitrogen adsorption/desorption isotherms
(Figure 2f) at 77 K. In alignment with the crystallinity of the
samples, Cu3(HF-HH-cHBC)2, showed the highest Brunauer-
Emmett-Teller (BET) surface area of 541 m2 g−1, Cu3(HCl-HH-
cHBC)2, 186 m2 g−1 whereas Cu3(HBr-HH-cHBC)2 showed no
adsorption due to its amorphous structure. These results are
consistent with the decreasing crystallinity from fluorinated to
brominated MOF. The single pore size diameters were estimated
as 1.9 nm using DFT models for all three MOFs. The exper-
imental single pore size distribution of Cu3(HF-HH-cHBC)2,
(Figure S18b, Supporting Information) showed a maximum at
1.8 nm, while Cu3(HCl-HH-cHBC)2, showed a maximum at
1.3 nm (Figure S25b, Supporting Information) which is slightly
lower than its fluorinated counterpart. This discrepancy can be
rationalized by taking the lower crystallinity and morphological
homogeneity into account, as well as the slightly reduced acces-
sibility of the pore volumes due to the increased atomic size of
the Cl-substituents compared to the fluorinated ones.

Powder X-ray diffraction measurements (PXRD) measure-
ments with Cu-K𝛼 radiation (𝜆 = 0.15 418 nm) demonstrated
high crystallinity for Cu3(HF-HH-cHBC)2 with the most promi-
nent reflexes at 2𝜃 = 3.72°, 6.35°, 7.22°, 12.52°, 14.40°, and
23.23° which refer to (100), (110), (200), (210), (300) and (001),
respectively (Figure 3a). It should be noted that due to the
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Figure 3. Structural characterization of wavy 2D c-MOFs. a) PXRD patterns of Cu3(HF-HH-cHBC)2, Cu3(HCl-HH-cHBC)2 and Cu3(HBr-HH-cHBC)2. b)
Experimental and simulated PXRD patterns of Cu3(HF-HH-cHBC)2 suggesting the staggered AA stacking. c,d) HRTEM images of Cu3(HF-HH-cHBC)2
single crystal with (100) zone axis orientation. Inset: corresponding SAED pattern with the reflexes: d100 = 2.38 nm, d001 = 0.39 nm. e,f) Structural
scheme of monolayer and AA-shift bilayer Cu3(HF-HH-cHBC)2, respectively. Black: carbon; white: hydrogen; green: fluorine; red: oxygen; yellow: copper.

high intensity of the (100) reflex, the (001) reflex is without a
zoom-in difficult to spot for Cu3(HF-HH-cHBC)2 (Figure S14,
Supporting Information). Similar reflexes were observed for
Cu3(HCl-HH-cHBC)2, evidencing a similar crystalline structure.
Cu3(HBr-HH-cHBC)2, on the other hand, displayed almost no
distinguishable reflexes in alignment with its amorphous struc-
ture (Figure 3a; Figure S31, Supporting Information). HRTEM
recordings (Figures 3c,d) of Cu3(HF-HH-cHBC)2 in [100] zone
axis orientation demonstrate that the cHBC units adopted an
edge-on configuration in the crystals. Analyzing the appearing
reflections in the calculated Fast Fourier Transform (FFT), the
(100)- and (001)- reflexes can be assigned. An additional zoom-in
(Figure 3d) reveals the real space distribution of the 𝜋−𝜋-stacking
in (001) direction. Furthermore, the broad intensity distribution
of the (001) reflection in the FFT (Figure 3c) indicates a wavy tex-
ture in (001) direction throughout the crystal.

Combining the experimental results (PXRD, HRTEM) with
theoretical calculations (simulated PXRD and electronic prop-
erties calculation at PBE level26 in Figure 3b,d,f) enabled us
to determine the crystal structure and the corresponding lat-
tice parameters for the 2D c-MOFs Cu3(HF-HH-cHBC)2 that is
linked through the oxygen–copper bonds forming a wavy struc-
ture. Each metal node is coordinated in a square planar arrange-
ment by two neighboring HX-HH-cHBC ligands to form [CuO4]-
units, whereas each HX-HH-cHBC ligand is coordinated by three
[CuO4]- units according to its C3- symmetry axis to arrange in
a honeycomb structure. The resulting compounds can be de-

scribed by the chemical compositional formula Cu3(HX-HH-
cHBC)2 and the triclinic unit cell with the lattice parameters
a = b = 27.67 Å, c = 3.93 Å, 𝛼 = 89.22°, 𝛽 = 90.55°, 𝛾 = 119.68°.
The predicted AA-shift and AA-eclipsed stacking pattern match
the experimental PXRD results well (Figure 3b). Additionally, our
calculations indicated an increased relative energy for the AA-
eclipsed stacking structure of 33.76 kJ mol−1, compared to the
AA-shift stacking structure, confirming the correctness of the
AA-shift stacking for the Cu3(HX-HH-cHBC)2 (X = F, Cl). The
monolayer adopts a zig-zag alignment resulting in a wavy struc-
ture along the side view (Figure 3e).

The presence of all expected elements for each MOF could
be proven, respectively, using X-ray photoelectron spectroscopy
(XPS) (Figures S17, S24, and S30, Supporting Information). The
analysis of the high-resolution spectrum of Cu for Cu3(HF-HH-
cHBC)2 (Figure S17e,f, Supporting Information) and Cu3(HCl-
HH-cHBC)2 (Figure S24e,f, Supporting Information) suggested
the presence of exclusively Cu2+ species, whereas Cu3(HBr-
HH-cHBC)2 exhibited a Cu2+/Cu1+ ratio of 9:1, that could be
estimated through deconvolution of the corresponding HR-
spectra (Figure S30e,f, Supporting Information). Additionally,
EDX-spectroscopy confirmed a uniform distribution of all ex-
pected elements (Figures S15, S27, and S29, Supporting Infor-
mation).

Thermal stability measurements were conducted using the
thermogravimetric analysis (TGA) method. Cu3(HF-HH-cHBC)2
and –(HCl-) showed similar stabilities (Figures S19 and S26, Sup-
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Figure 4. Electrical conductivity and THz mobility measurements of wavy 2D c-MOFs. a,b) Four-probe van der Pauw measurements of Cu3(HF-HH-
cHBC)2 and Cu3(HCl-HH-cHBC)2 under vacuum with temperature, respectively. Inset: the linear fit of the conductivity measurements. c) Terahertz
measurements of Cu3(HF-HH-cHBC)2 and Cu3(HCl-HH-cHBC)2, respectively. d) According to the Drude-Smith model, charge carrier mobilities were
calculated: 9.3 ± 1.1 cm2 (V s)−1 for Cu3(HF-HH-cHBC)2 and 3.3 ± 0.4 cm2 (V s)−1 for Cu3(HCl-HH-cHBC)2.

porting Information) with an approximated loss of weight of 5%
upon reaching 300 °C, respectively. Cu3(HBr-HH-cHBC)2 exhib-
ited lower stability, losing 5% of its weight at already 200 °C
(Figure S32, Supporting Information). These results are congru-
ent with the already discussed crystallinity and morphology. We
tested the stability of the three MOFs through dispersion of them
in organic solvents, such as DCM, acetone, DMF, and ethanol, as
well as 1 m aqueous HCl- and NaOH- solutions for three days,
at ambient temperature. Overall, the three MOFs were stable
in these utilized organic solvents, as evidenced through PXRD
measurements (Figures S33–S35, Supporting Information). In
contrast, Cu3(HF-HH-cHBC)2 and Cu3(HCl-HH-cHBC)2 could
retain their structural integrity in the HCl solution, whereas
Cu3(HBr-HH-cHBC)2 was dissolved completely under the same
conditions. In addition, all three MOFs could be dissolved in
NaOH solution.

Next, we investigated the electrical conductivity of all three
MOFs as pellet samples, using the four-probe van der Pauw
measurements under vacuum. The determined electrical con-
ductivities were 1.82 × 10−2 S cm−1 and 4.26 × 10−4 S cm−1 for
-(HF-) and Cu3(HCl-HH-cHBC)2 at room temperature, respec-
tively (Figure 4a,b). For Cu3(HBr-HH-cHBC)2 the prepared pel-
lets were too fragile and upon measuring the resistance was too
high to determine the electrical conductivity. These results are
in good agreement with the crystallinity and morphology of all
three MOFs. The temperature-dependent linear fits (Figure 4a,b)
suggested semiconductive behavior for -(HF-) and Cu3(HCl-HH-

cHBC)2. Through the Arrhenius plot, the activation energies of
Ea,HF = 0.34 eV, Ea, HCl = 0.52 eV were determined. Again, these
results correlate very well with the degree of crystallinity and mor-
phology. Furthermore, the charge carrier properties were char-
acterized using time-resolved terahertz spectroscopy (THz). Fol-
lowing the photogeneration of charge carriers in the samples ex-
cited by a 400 nm ultrashort laser pulse, the transport proper-
ties were probed by a freely propagating THz pulse. The pump-
induced relative attenuation of the THz field is proportional
to the photoconductivity.[26] As shown in Figure 4c, -(HF-) and
Cu3(HCl-HH-cHBC)2 exhibited a rapid rise in photoconductivity
due to the photo injection of charge carriers. This was followed
by a decay process on the picosecond timescale due to electron-
hole recombination or exciton formation.[27] Describing the mea-
sured frequency-resolved photoconductivity by the Drude-Smith
model[28] (see Supporting Information) yields an average scat-
tering time of (𝜏)HF: 96 ± 11 fs for Cu3(HF-HH-cHBC)2 and
(𝜏)HCl: 62 ± 7 fs for Cu3(HF-HH-cHBC)2 (Figure 4d). Assuming
m* = m0, we estimate their charge carrier mobilities in the DC-
limit to be μHF = 9.3 ± 1.1 cm2 (V s)−1 for Cu3(HF-HH-cHBC)2
and 3.3 ± 0.4 cm2 (V s)−1 for Cu3(HCl-HH-cHBC)2 .

Based on the experimental results of the optical absorption,
electrical conductivity characterizations, and THz results, we
suggest a semiconductive behavior for Cu3(HF-HH-cHBC)2 and
–(HCl-). The band structure of Cu3(HF-HH-cHBC)2 with miss-
ing ions is displayed in Figure 5. While the band structure of
a defect-free single crystal can be considered metallic, there is
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Figure 5. Electronic structures of Cu3(HF-HH-cHBC)2. a) Monolayer and b) staggered AA stacking models, respectively, with spin-up (black) and spin-
down (red) states. c) The Wannier interpolated band structure. The dashed black line denotes the Fermi level. Spin-up and spin-down densities of states
do not overlap, indicating the presence of spin polarization in the structures.

a small gap under the fermi level, so that defects with several
(one/two) missing ions per unit cell are expected to be relatively
stable. When such defects are present, a bandgap is expected
to be opened at the fermi level (Figure 5). The monolayer and
AA-shift structures are considered with 2 electrons and 4 elec-
trons missing. It shows a bandgap of 0.14 eV for the mono-
layer structure and 0.10 eV for the AA-shift bulk structure, show-
ing good agreement with the experimental results, further vali-
dating the predicted semiconductive behavior. [29–33] The partial
density of states (PDOS) shows that the bands are mainly con-
tributed by the pz orbital of C, with O pz, C pxy, and Oxy making
smaller contributions (Figure 5a; Figure S36 and S37, Support-
ing Information). There are two flat bands near the Fermi level,
separated by a gap, with opposite Chern number (Figure 5c).
This feature was reported as “yin-yang”, which has the potential
for exotic many-body quantum phenomena, as indicated by the
references to the excitonic insulator and exciton Bose–Einstein
condensation.[34,35]

As a proof-of-concept, we further evaluated the aluminum-ion
storage performance of Cu3(HF-HH-cHBC)2 as cathode mate-
rial in a three-electrode system using urea as an electrolyte. The
cyclic voltammetry and galvanostatic charge–discharge (GCD)
curves reveal an average capacity of 148 mAh g−1 for Cu3(HF-
HH-cHBC)2 at a current of 0.1 A g−1 and an average voltage of 1 V,
which shows potential applications in hybrid supercapacitors and
aluminum-ion batteries (Figure S38a, Supporting Information).
Additionally, the Cu3(HF-HH-cHBC)2 electrode also presents
certain cycling stability. After 300 cycles of charge/discharge pro-

cess at 100 mA g−1, the average capacity of 2D c-MOF could retain
92 mAh g−1 (Figure S38b, Supporting Information).

3. Conclusion and Outlook

In conclusion, we designed and synthesized a novel class of or-
ganic building blocks by introducing the c-HBC-ligand as a new
member of the reported MOF systems. Due to its short and flex-
ible synthetic route, the c-HBC ligand allows a vast variety of
substitution patterns, including the incorporation of electron-
withdrawing groups that can be used to fine-tune the proper-
ties in a controlled manner. We used this possibility to investi-
gate systematically the effect of EWG on the properties of the re-
sulting MOF-materials and discovered, that the incorporation of
fluorine, as strong EWG, is a powerful method to enhance the
crystallinity, electrical conductivity as well as charge carrier mo-
bility and porosity. These beneficial features were not so much
attributed to an electron-poor core, but rather to favorable steric
interactions along the c-axis that apparently play a key role dur-
ing the crystal growth phase. These insights shed new light on the
still limited understanding of the structure-property relationship
and provide future researchers with a powerful design strategy.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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